abstract: Synchrony has fundamental but conflicting implications for the persistence and stability of food webs at local and regional scales. In a constant environment, compensatory dynamics between species can maintain food web stability, but factors that synchronize population fluctuations within and between communities are expected to be destabilizing. We studied the dynamics of a food web in a metacommunity to determine how environmental variability and dispersal affect stability by altering compensatory dynamics and average species abundance. When dispersal rate is high, weak correlated environmental fluctuations promote food web stability by reducing the amplitude of compensatory dynamics. However, when dispersal rate is low, weak environmental fluctuations reduce food web stability by inducing intraspecific synchrony across communities. Irrespective of dispersal rate, strong environmental fluctuations disrupt compensatory dynamics and decrease stability by inducing intermittent correlated fluctuations between consumers in local food webs, which reduce both total consumer abundance and predator abundance. Strong correlated environmental fluctuations lead to (i) spatially asynchronous and highly correlated local consumer dynamics when dispersal is low and (ii) spatially synchronous but intermediate local consumer correlation when dispersal is high. By controlling intraspecific synchrony, dispersal mediates the capacity of strong environmental fluctuations to disrupt compensatory dynamics at both local and metacommunity scales.
Introduction
The persistence and stability of natural populations appear improbable, given the enormous diversity of species interactions and the highly variable nature of the environment. Theory both confirms (May 1973) and refutes (Ives and Carpenter 2007; Allesina and Pascual 2008) this intuition, but recent surveys of the literature (McCann 2000; Loreau et al. 2002; Murdoch et al. 2003 ) identify a number of scale-dependent processes that can stabilize populations embedded within food webs. Natural food webs persist because these stabilizing mechanisms play out within a hierarchy of biotic and abiotic processes that operate at local to regional scales (DeAngelis and Waterhouse 1987; Polis et al. 2004; McCann et al. 2005; Rooney et al. 2006; Amarasekare 2008) .
Our perception of stability depends in part on the level of organization at which it is measured. For example, increasing species richness may increase the variability of individual populations while reducing the aggregate variability of total abundance in the community (May 1973; Ives et al. 1999; Tilman 1999; Yachi and Loreau 1999) . This hierarchical perspective is particularly valuable when the nonlinear dynamics of food webs are studied (McCann et al. 1998; Vandermeer 2006) . For instance, in mean-field food web models experiencing constant environmental conditions, competition for a common resource can generate large oscillations in the consumer dynamics that can be dampened and stabilized by the presence of a generalist predator that preferentially feeds on the dominant competitor (McCann et al. 1998) . In this case, the compensatory consumer oscillations (i.e., interspecific asynchrony) sustain and buffer the fluctuations of the generalist predator and stabilize the entire food web.
Recent research suggests that compensatory dynamics may be disrupted by environmental perturbations (both press and pulse) that can cause periods of correlated (coherent) interspecific fluctuations at one or more temporal scales (Vasseur et al. 2005; Vasseur and Fox 2007; Keitt 2008) . Any process that can cause correlated species fluctuations will affect food web stability at local scales, but factors that can induce synchronous species populations across space will influence food web stability at a regional scale (Blasius et al. 1999) . How, then, do dispersal and stochastic environmental variability correlate population (intraspecific synchrony) and community (interspecific synchrony) dynamics so that local destabilizing effects propagate up to the metacommunity scale?
Intraspecific synchrony across subpopulations is generated by three well-known processes: spatially correlated environmental variation (Moran 1953) , high rates of dispersal between subpopulations, and strong interactions with mobile predators or parasites (Liebhold et al. 2004 ). The Moran effect and dispersal have been shown to interact to increase population synchrony (Fontaine and Gonzalez 2005) . This type of synchrony is predicted to destabilize populations and increase regional extinction risk. In contrast, intraspecific asynchrony can maintain food web stability at both local and regional scales. Limited dispersal and movement of individuals over space can decouple local densities from growth and dampen local population dynamics (Briggs and Hoopes 2004) . When accompanied by intraspecific asynchrony, this decoupling promotes stability at regional scales through spatial averaging (Briggs and Hoopes 2004) or by allowing highdensity populations to subsidize or rescue other populations (Blasius et al. 1999; Earn et al. 2000) . Depending on the extent of dispersal, these local and regional processes can interact and have either similar or contrasting effects on food web stability (Maser et al. 2007) .
Synchrony can also be observed between species within food webs. At small scales, such interspecific synchrony can be driven by environmental fluctuations (Ripa and Ives 2003; Greenman and Benton 2005; Ranta et al. 2006; Vasseur and Fox 2007; Keitt 2008) or by changes in the interaction strength of consumer species (McCann et al. 1998) . These same studies predict that interspecific synchrony will destabilize local food webs (Vandermeer 2006) . In contrast, Vasseur and Fox (2007) reported that synchronous responses by consumers to stochastic environmental fluctuations can promote food web stability by dampening predator and consumer oscillations. Although this effect greatly reduced interspecific asynchrony between consumers within the keystone consumer configuration (McCann et al. 1998) , it did not result in correlated consumer fluctuations. Thus, how robust compensatory dynamics are to the synchronizing effects of the environment and dispersal remains an important and unresolved question (Gonzalez and Loreau 2009 ).
Here, we study the dynamics of a simple food web model (McCann et al. 1998; Maser et al. 2007; Vasseur and Fox 2007) embedded within a metacommunity and assess the relative importance of intra-and interspecific synchrony for stability. We show that environmental fluctuations interact with dispersal to affect food web stability through their combined influence on intra-and interspecific synchrony. In metacommunities experiencing high dispersal, weak environmental fluctuations stabilize food webs by reducing the amplitude of endogenous dynamics, while strong environmental fluctuations can induce intermittent spatial and temporal patterns of correlated consumer dynamics. However, low dispersal prevents the onset of intraspecific synchrony, which allows the destabilization of population fluctuations by the environment and the emergence of spatially persistent interspecific synchrony. These results are robust to changes in the intrinsic dynamics of the food web and to the nature and temporal structure of environmental fluctuations. By controlling intraspecific synchrony, dispersal mediates the effect of strong environmental fluctuations on compensatory dynamics at both local and metacommunity scales.
Methods
We used a spatially explicit metacommunity implementation (Maser et al. 2007 ) of the mean-field food web model analyzed by McCann et al. (1998) . We focused on the keystone food web configuration in which a superior consumer (C 1 ) and an inferior consumer (C 2 ) compete for a common resource R and undergo asynchronous oscillations (i.e., compensatory dynamics; fig. 1A ; table 1). Coexistence in this model is maintained by the generalist predator's (P) predilection for the superior competitor (table 1) . The consumers and the predator exhibit a Type II functional response, and the resource R undergoes logistic growth. Although the basic model can display many dynamical behaviors, we used the same parameter values as did Vasseur and Fox (2007) in order to generate stable limit cycles in the mean-field model (table 1) . We also tested the robustness of our results to alternative food web dynamics and implementations of environmental noise (see app. B, available as a separate PDF).
Metacommunity Structure
The metacommunity consists of a grid of cells 256 # 256 with periodic boundary conditions. Each cell contains a complete community described by the following difference equation system:
Figure 1: Metacommunity model diagram. A, Metacommunity is comprised of 256 2 cells, each of which contains a diamond-shaped food web whose dynamics are governed by a discrete version of the differential equation system introduced by McCann et al. (1998) . The preference coefficients Q ij are used to adjust the interaction strength between successive trophic levels. Here, a competitively superior consumer C 1 ( ) and a Q p 1 C R 1 competitively inferior consumer C 2 ( ) compete for a common resource R. The predator P preferentially consumes the superior competitor Q p 0.98
), thus allowing stable coexistence. Dispersal occurs between a focal cell F and a single randomly selected cell N located within the Q p 0.92
PC1
Moore neighborhood (i.e., eight nearest neighbors). Dispersal between the focal cell F and its randomly selected neighbor N is implemented as the product of the maximum dispersal rate d and the population abundance differential between F and N. At each update, all species in the focal cell F disperse to the same randomly selected neighboring cell N. B, Representative time series of two neighboring cells F and N and a distant cell K when the environment is constant and dispersal is limited ( ). These sample cell time series highlight how low dispersal induces spatial d p 0.004 heterogeneity and dampened dynamics within the metacommunity. where , , , and , re-
spectively, represent the change in the abundance of predator P, consumer C 1 , consumer C 2 , and resource R at location (x, y). The model parameter descriptions and values are given in table 1. At each time step, 256 2 focal cells are randomly selected and updated in order to approximate a continuous-time process (Durrett and Levin 1994) . Each focal cell F is updated by first iterating its own set of difference equations and then allowing all species to disperse between the focal cell and one of its eight closest neighbors. Dispersal is implemented for all species as a simple passive diffusion process defined as the product of the maximum dispersal rate d (hereafter termed "dispersal") and the differential in abundance between the focal cell F and its randomly selected neighbor N Maser et al. 2007) . Specifically, the abundance of each population at time step is t ϩ 1 for the randomly selected neighbor N. In order to reduce the length of transients, we initialized the metacommunity by assigning identical population abundances to all cells ( , , ; R p 0.9 C p 0.5 C p 0.5 1 2
). However, our results are robust to both random P p .1 and spatially heterogeneous initial abundances. All analyses were performed after discarding the first 1,000 time steps as transients.
Environmental Variability
Environmental variability was implemented as a stochastic process with strength j y and cross-correlation r y affecting the mortality rates of consumers C 1 and C 2 (Vasseur and Fox 2007) . The mortality rates of the consumers were allowed to vary in time by using two cross-correlated time series generated by the product of the Cholesky factorization of the variance-covariance matrix B and a 2 # 2 matrix A of random draws from a normal distri-2 # n bution (0, 1) (Vasseur and Fox 2007 Specifically, the consumer mortality rate of all consumer populations in the metacommunity was updated at the beginning of each time step j so that
where represents the median consumer mortality rate M C i for consumer C i and . Hence, the environy ∼ N (0, S) 2 mentally mediated mortality rates for all consumer populations varied over time but remained spatially homogeneous. Although the results presented below were all generated using environmental fluctuations with no temporal structure (i.e., white noise), our findings are robust to temporally autocorrelated environmental fluctuations (i.e., red noise; see app. B).
Model Analysis
Food Web Stability. We computed food web stability at local and global scales. At the global scale, each species' metacommunity time series was determined by spatially averaging the abundance time series across the entire metacommunity. Using these metacommunity time series, we measured each species' mean abundance m, temporal variance j, and global stability ( ). For each species, local m/j food web stability was determined by randomly selecting 100 cells and computing the mean abundance , temm cell poral variance , and stability ( ) within each cell. ) across all 100 m /j cell cell randomly selected cells. We used this method for calculating local food web stability because of its efficiency and its equivalence to the more intuitive (but costly) method of averaging the within-cell stability of all 256 2 cells in the metacommunity.
Intraspecific Synchrony. Kendall's coefficient of concordance was used as an index of intraspecific synchrony among local populations. Kendall's coefficient of concordance is a nonparametric statistic that measures the association between multiple ranked variables (Zar 1999) . It is commonly used to measure the level of agreement among several rankings and, as such, has been suggested as the most effective method for determining synchrony between multiple data series (Buonaccorsi et al. 2001) . In order to limit simulation time, we computed intraspecific synchrony on a random subset of 100 cells instead of the entire metacommunity. Test simulations confirmed that computing intraspecific synchrony over a subset of 100 cells or the entire metacommunity yielded equivalent results. The calculation was performed by first ranking (R i ) each species' abundance time series in 100 randomly se- 
where represents the total number of randomly S p 100 selected cells, represents the total number of n p 1,000 posttransient time steps, and is an adjustment for tied t ranks within each cell such that for ties in the group of ties and groups of tied ranks,
Global Consumer Correlation. The global consumer correlation was calculated by taking the cross-correlation of the metacommunity consumer time series,
where represents the number of time steps; n p 1,000 and , respectively, represent the mean and standard m j 
where time steps and and , respectively, n p 100 m j
represent the mean and standard deviation of the local abundance time series of consumer in cell j during time C i window w.
Within each time window w, the minimum ( ) r F L, w min and the maximum ( ) local consumer correlations r F L, w max were computed across all 100 cells:
These spatial minimum and maximum consumer correlations were then averaged over all k time windows:
The mean spatial minima/maxima of local consumer correlations ( ) were computed in order to assess r F , r F L min L max the joint effects of environmental fluctuations and dispersal on local compensatory dynamics.
Determining the Effect of Environmental Noise on Compensatory Dynamics at the Metacommunity Scale.
To determine the effect of correlated noise on consumer dynamics at the metacommunity scale, we decomposed the global consumer time series into (1) their regular endogenous fluctuations and (2) the residuals representing the effect of correlated environmental noise. We performed this decomposition using two fitting routines: an aggressive fit based on cubic smoothing splines and a more conservative sinusoidal fit based on the dominant frequency of the consumer dynamics. We used both methods in order to ensure that our analysis was robust to the specifics of the fitting techniques. The cubic smoothing spline routine attempts to approximate data by finding an adjustable compromise between the smoothness of the fit and its fidelity to the data. Specifically, the cubic spline s was generated for the time series of each consumer by minimizing
where p is a smoothness parameter set to 10 Ϫ4 and x and y, respectively, represent the time steps and the consumer abundances. The fitted cubic splines were used to approximate the consumers' endogenous dynamics. The residuals r i were then computed for each consumer i as the difference between the spline fit s i time series and the abundance time series y i :
Additionally, a sinusoidal trend was fitted to the consumer abundance time series by using spectral analysis to determine the existence and the dominant frequency of periodic fluctuations in each consumer's time series. Nonlinear least squares analysis was then used to fit a sinusoidal model to the time series such that
where y represents the predicted consumer time series, a is the fitted coefficient, q is the consumer time series' dominant frequency, x is the time step, and b is the mean of the consumer time series. The sinusoidal fit served as a conservative approximation of the consumers' endogenous dynamics because it is based solely on the dominant frequency of the consumer time series, whereas the more aggressive cubic spline fit is not constrained by a single frequency. As with the cubic splines, the residuals from the sinusoidal fit represented the effect of the correlated environmental fluctuations. Correlation analysis was then performed using the trends and residuals from both the spline and the sinusoidal decompositions in order to determine (1) the correlation between the consumers' fitted trends (i.e., the correlation of the endogenous consumer dynamics) and (2) the correlation of the consumer residuals. This analysis allowed us to demonstrate the effect of environmental fluctuations on each component of the metacommunity consumer time series.
Results

Food Web Stability in the Absence of Environmental Fluctuations
We first investigate the effect of dispersal on food web stability in metacommunities experiencing constant environmental conditions. When dispersal is extremely low ( ), our stochastic approximation of the contin- fig. 2A ) for all species at the scale of the metacommunity. Here, low dispersal promotes statistical stabilization at the regional scale through the spatial averaging of uncorrelated local fluctuations (Briggs and Hoopes 2004) . Additionally, low intraspecific synchrony decouples immigration and local abundance (Briggs and Hoopes 2004) , which promotes stability at both local and regional scales ( fig. 2A, 2D ).
The effect of increasing dispersal on stability is highly nonlinear as dispersal rates of homogenize the d 1 0.03 metacommunity and lead to regional intraspecific synchrony ( fig. 2E ; video 2). The onset of regional intraspecific synchrony is associated with a large decrease in stability ( fig. 2A ) that is driven primarily by an increase in the temporal variance ( fig. 2C ). In contrast, global consumer correlation remains negative and unaffected by dispersal ( fig. 2F ; videos 3A, 4A). Hence, in the absence of environmental fluctuations, dispersal modulates stability by controlling intraspecific synchrony without affecting compensatory dynamics. We now explore the effect of environmental fluctuations on compensatory dynamics under these two distinct dispersal regimes ( vs.
We use the two components of stability (i.e., tem-0.03 poral variance and mean abundance) to distinguish between the modulating effect of weak environmental fluctuations and the disruptive effect of strong environmental fluctuations on compensatory dynamics.
The Modulating Effect of Weak Environmental Fluctuations
High Dispersal. When dispersal is set to its maximum value ( ), intraspecific synchrony is very high (fig. d p 0.5 4A), and the metacommunity becomes approximately equivalent to the mean-field food web model (Vasseur and Fox 2007;  fig. 3A , 3C, 3E, 3G). Weak correlated environmental fluctuations ( ) are associated with in-0 ! j ≤ 0.1 y creased food web stability (figs. 3A, 3C, 3E, 4G). This increased food web stability is achieved through the mechanism documented by Vasseur and Fox (2007) : weak correlated noise repeatedly jolts the entire food web into tran-E22 The American Naturalist 4E ) and thus increase stability ( fig. 4G ). However, weak noise is unable to disrupt compensatory dynamics (i.e., ; figs. 3G, 4A) and thus r ! 0 G has little effect on the mean abundance of all species in the food web ( fig. 4C ). Weak correlated environmental fluctuations merely add positively correlated noise to the otherwise negative correlation caused by endogenous compensatory dynamics (figs. 3G, 4A).
Low Dispersal. As shown above, when the environment is constant and dispersal is low ( ), intraspecific d p 0.004 synchrony is low ( fig. 2E) , and stability at the metacommunity level is high ( fig. 2A ). The addition of weak environmental fluctuations ( ) decreases stability 0 ! j ≤ 0.1 y (figs. 3B, 3D, 3F, 4H). This destabilization is caused by the Moran effect, which predicts that in linear systems, intraspecific synchrony among local populations should match the synchrony of the shared environment. Because the environmental fluctuations are spatially uniform (i.e., perfectly synchronized), the pure Moran effect should lead to perfect intraspecific synchrony among local populations, but this effect can be restricted by nonlinear and spatially heterogeneous density dependence (Engen and Saether 2005) . Here, the Moran effect leads to only partial intraspecific synchrony because perfectly synchronized environmental fluctuations are unable to completely counteract the desynchronizing effect of low dispersal ( fig. 4B) . Additionally, the correlation of the environment modulates the extent to which weak environmental fluctuations ( ) reduce stability through the Moran effect. 0 ! j ≤ 0.1 y Correlated environmental fluctuations are less destabilizing than negatively correlated environmental fluctuations because the addition of correlated environmental noise dampens compensatory dynamics, whereas negatively correlated noise amplifies compensatory dynamics ( fig. 4B,  4F ). This is the same dampening effect of correlated noise described above and by Vasseur and Fox (2007) .
Here, too, weak noise is unable to disrupt compensatory dynamics (i.e., ; figs. 3H, 4B) and has little effect r ! 0 G on the mean abundance of all species in the food web ( fig.  4D ). Weak correlated environmental fluctuations merely add positively correlated noise to the endogenous compensatory dynamics (figs. 3H, A1). 
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The Disruptive Effects of Strong Environmental Fluctuations
Local Effects. In both low-and high-dispersal metacommunities, strong environmental fluctuations ( ) j ≥ 0.15 y destabilize food webs (figs. 3A-3F, 4G, 4H) by increasing the temporal variance ( fig. 4E, 4F ) and altering the mean abundance of all species in the metacommunity ( fig. 4C,  4D ). Strong correlated environmental fluctuations disrupt compensatory dynamics in local food webs by inducing intermittent periods of strong positive local consumer correlation ( fig. 5A , 5B; videos 3, 4). During these periods of positive local consumer correlation, environmental noise inflates the abundance of the superior competitor (C 1 ), and the abundance of the inferior competitor (C 2 ) decreases as a result of direct competition ( fig. 5 ). Because the abundance of the inferior competitor decreases faster than the abundance of the superior competitor increases, both total consumer abundance and predator abundance decrease ( fig. 4C, 4D ).
Scaling up to the Metacommunity. Dispersal controls the strength and the regional properties of environmentally mediated disruptions of local compensatory dynamics. In metacommunities experiencing maximum dispersal ( ) and environmental variability, all food webs und p 0.5 dergo strong synchronized fluctuations ( fig. 4A ). Because spatial heterogeneity in abundance is low, the disruptive effect of strong correlated environmental fluctuations is characterized by local consumer correlation of intermediate strength that is temporally intermittent and spatially synchronized at the scale of the metacommunity: many local food webs become disrupted at the same time, yielding low spatial heterogeneity in local consumer correlation across the metacommunity ( fig. 5C; video 4) . The synchronous disruption of local compensatory dynamics ( fig.  5C ) leads to gradual changes in the mean abundance of all species at the metacommunity level ( fig. 4C ). Increasing the strength of environmental fluctuations ( ) inj 1 0.15 y creases the frequency and strength of these synchronous disruptions of local compensatory dynamics ( fig. 5C ). The intermittent phases of strong positive and negative local consumer correlation cancel each other and lead to the emergence of low average global consumer correlation (i.e., ; figs. 3G, 4A). r ≈ 0 G Low dispersal sustains low intraspecific synchrony (figs. 2E, 4B) and dampens the fluctuations of local food webs by decoupling immigration and local abundance ( fig. 2D) . In doing so, low dispersal allows strong correlated environmental fluctuations to induce periods of highly correlated local consumer fluctuations that are temporally intermittent and spatially asynchronous at the scale of the metacommunity: different local food webs become disrupted at different times, yielding high spatial heterogeneity in local consumer correlation across the metacommunity ( fig. 5C; video 3) . These asynchronous and intermittent disruptions of local compensatory dynamics lead to a further decrease of intraspecific synchrony and increased global consumer correlation ( fig. 4B ). As the strength of environmental fluctuations is increased ( ), intermittent disruptions of local com-0.15 ≤ j ≤ 0.25 y pensatory dynamics become more frequent and affect more local food webs ( fig. 5C; video 3) . The increased prevalence of strong local disruptions leads to large changes in the mean abundance of all species as a result of the inflationary effect of the environment on the superior consumer (C 1 ) and the increased competition experienced by the inferior consumer (C 2 ; fig. 4D ). As environmental fluctuations reach their maximum strength ( ), local disruptions become widespread in the j 1 0.25 y metacommunity ( fig. 5C ; video 3) and lead to increased intraspecific synchrony ( fig. 4B ). Additionally, these strong and asynchronous local disruptions lead to partial global interspecific synchrony ( fig. 4B ). However, this partial global interspecific synchrony does not represent the loss of compensatory dynamics at the scale of the metacommunity. Instead, strong and asynchronous local disruptions register as correlated noise overlying the endogenous compensatory dynamics of the consumers at this scale ( fig.  A1 ). As the strength of the noise is increased, these local disruptions become more frequent and lead to uncorrelated endogenous consumer dynamics ( fig. A1 ). Hence, correlated environmental fluctuations are unable to synchronize the endogenous consumer dynamics at the scale of the metacommunity.
Discussion
We have shown how dispersal mediates the effect of the environment on food web stability at local and metacommunity scales through its own dual effect on food web dynamics. When high dispersal causes strong and synchronous food web fluctuations, weak environmental noise can stabilize food webs by dampening the amplitude of compensatory consumer fluctuations (Vasseur and Fox 2007) . However, when low dispersal sustains intraspecific asynchrony and dampens the amplitude of local food web fluctuations, weak environmental noise destabilizes food webs through the Moran effect. Although the effect of weak environmental noise on food web stability is contingent on dispersal, strong environmental noise is consistently associated with destabilization at local and global scales. Indeed, strong environmental noise is able to disrupt compensatory dynamics and induce positive consumer correlation (i.e., interspecific synchrony) within local food webs. Dispersal, through its effect on intraspecific syn-E26 The American Naturalist spatial minimum and maximum local consumer correlations in metacommunities experiencing low (blue) and high (red) dispersal as a function of the strength of correlated environmental fluctuations ( ). The spatial minimum and maximum local consumer correlations were obtained by r p 1 y splitting the local consumer abundance time series of 100 randomly selected cells into 100-time step windows. Within each time window, the local consumer correlation was calculated for each cell, and the minimum and maximum consumer correlations across all cells were determined. These spatial minimum and maximum local consumer correlations were then averaged across all time windows and over 10 replicate simulations (error bars represent standard error; see text for details). The gray horizontal line indicates zero consumer correlation. chrony, controls the strength and the spatial extent of environmentally mediated interspecific synchrony. These results are robust to alternative implementations of food web dynamics and environmental fluctuations. The interactions between dispersal and the environment have important implications for (i) the stability of food webs, (ii) the relative importance of environmental forcing and density-dependent regulation, and (iii) the general un-derstanding of intra-and interspecific synchrony in environmentally forced metacommunities.
Food Web Stability: The Role of Space and Noise
The Destabilizing Effect of Noise on Local Food Webs. Our measure of food web stability depends on both the variance and the mean of abundance. The effect of increasing environmental variance is to (1) increase population variance and (2) decrease mean population abundance through the nonlinear functional response of mortality to the environment. The changes in the mean abundance of all species are mediated by two distinct mechanisms that involve Jensen's inequality, which states that for accelerating nonlinear functions, the variance of the independent variable tends to elevate the response variable (Ruel and Ayres 1999) . Because environmental fluctuations are implemented using the exponential function, increases in the variance of the noise (independent variable) will elevate mean consumer mortality (response variable). This increased consumer mortality causes declines in total consumer abundance and mean predator abundance at the metacommunity level (i.e., fig. 4C, 4D ). The second mechanism involves the inflationary effect of the environmental fluctuations (Gonzalez and Holt 2002; Holt et al. 2003) . Strong correlated environmental fluctuations disrupt compensatory dynamics in local food webs by inducing intermittent periods of strong positive consumer correlation. During these periods of positive local consumer correlation, environmental noise drives outbreak dynamics that inflate the abundance of the superior competitor (C 1 ), and the abundance of the inferior competitor (C 2 ) decreases as a result of direct competition. Because the abundance of the inferior competitor decreases faster than the abundance of the superior competitor increases, both total consumer abundance and predator abundance decrease. The distinction between these two mechanisms is particularly evident when dispersal is low. Indeed, mean abundances respond more strongly and rapidly to strong correlated environmental fluctuations than they do to strong negatively correlated environmental fluctuations. How the disruption of local compensatory dynamics by the environment affects the stability of the metacommunity depends on the rate of dispersal and its effect on intraspecific synchrony.
The Stabilizing Effect of Space. Three mechanisms can stabilize spatially heterogeneous predator-prey and parasitoid-host systems (Briggs and Hoopes 2004) . (1) The averaging of spatially heterogeneous local dynamics increases global stability (i.e., "statistical stabilization"). (2) Nonlinear spatial averaging can stabilize (or destabilize) local systems when spatially heterogeneous densities are combined with nonlinear responses to density. (3) The final mechanism involves the decoupling of local abundance and immigration (Cuddington and Yodzis 2000) . This decoupling leads to a negative correlation between immigration and local abundance that dampens local fluctuations by (i) promoting growth when local abundance is low and (ii) limiting growth when local abundance is high (Briggs and Hoopes 2004) . The negative correlation between abundance and immigration promotes stability at both local and global scales. These mechanisms have been used to explain the stabilizing effect of dispersal on enriched trophic metacommunities (Maser et al. 2007 ). These same mechanisms also operate in our metacommunities when environmental conditions are constant.
In our metacommunity model, intraspecific synchrony and stability exhibit a sharp nonlinear response to changes in dispersal. This nonlinear response leads to two distinct regimes characterized by either (i) low dispersal, intraspecific asynchrony, and high stability or (ii) high dispersal, intraspecific synchrony, and low stability. This threshold response of synchrony is a general property of locally coupled and self-sustained oscillators and is due to the fact that the dispersal rate controls a phase transition from asynchronous to synchronous fluctuations (Marodi et al. 2002) . More specifically, regional asynchrony is maintained by the dynamic instability of synchrony between locally interacting food webs. Once dispersal is high enough to stabilize local synchrony, it necessarily translates into regional intraspecific synchrony, which prevents intermediate levels of local and regional synchrony. However, intraspecific synchrony can respond more gradually to changes in global (Pikovsky et al. 2002) or irregular (Holland and Hastings 2008) dispersal. For instance, Holland and Hastings (2008) showed that in spatial predator-prey networks, progressively randomizing the local neighborhood of each patch leads to a gradual decrease in regional intraspecific synchrony. Hence, altering either the strength or the spatial structure of dispersal can stabilize spatially extended systems by decreasing regional intraspecific synchrony.
Space and Noise Interact to Govern Food Web Stability at
Local and Metacommunity Scales. Environmental noise can have a strong effect on the stability of food webs. In mean-field systems and in metacommunities experiencing high dispersal, weak correlated environmental noise can promote food web stability by dampening the amplitude of compensatory dynamics (Vasseur and Fox 2007) . However, weak correlated environmental noise does not disrupt compensatory dynamics, as global consumer correlation remains negative. In metacommunities experiencing low dispersal, the net effect of weak environmental fluctuations is to destabilize food webs by inducing partial intraspecific synchrony via the Moran effect (Moran 1953) . By increasing intraspecific synchrony, the Moran effect reduces spatial heterogeneity and thus limits the effectiveness of spatial stabilization via (i) statistical stabilization or (ii) the decoupling of local abundance and immigration. Hence, weak correlated noise either can stabilize food webs by dampening the amplitude of compensatory dynamics when high dispersal induces intraspecific synchrony or can promote destabilization via the Moran effect when dispersal is low.
Strong environmental noise consistently destabilizes metacommunities by disrupting compensatory dynamics and inducing positive consumer correlation within local food webs. We show how this disruption strongly depends on the amplitude of local consumer fluctuations, which links disruption (i.e., interspecific synchrony) to the effect of dispersal on intraspecific synchrony. Low dispersal dampens local food web fluctuations and sustains intraspecific asynchrony. Within this context, strong correlated environmental noise causes strong consumer correlation in local food webs across the metacommunity. As the strength of the noise is further increased, the spatial average registers as partial interspecific synchrony at the metacommunity scale ( fig. 4B ). In contrast, high dispersal induces spatially synchronous food web fluctuations that limit the ability of weak environmental fluctuations to disrupt compensatory dynamics. At the metacommunity scale, as the variance of the environment increases, global consumer correlation increases from negative to 0 ( fig.  4A ): the intermittent phases of strong positive and negative consumer correlation at the local scale cancel each other, and average global consumer correlation approaches 0. This result suggests the counterintuitive appearance of independent consumer fluctuations at the metacommunity scale, despite the strong intermittent phases of positive and negative consumer correlation at the local scale ( fig.  5 ).
Metacommunity Stability under Strong Environmental Noise: Compensation versus Interspecific Synchrony.
The relative importance of density-dependent regulation and density-independent limitation is a long-standing debate in ecology (see review by Coulson et al. [2004] ). Here, we show that in environmentally forced metacommunities, the relative importance of regulation and limitation varies in space and time and affects food web stability. As described above, strong correlated environmental noise leads to intermittent disruptions of compensatory dynamics within local food webs. These environmentally mediated disruptions occur when the local abundance of the consumers-and thus the strength of density-dependent competition-is low. It is during these periods of weak densitydependent regulation that correlated environmental noise induces interspecific synchrony between consumers within local food webs. Communities experiencing the joint effects of strong regulation and strong environmental noise may thus alternate between periods of compensatory dynamics driven by regulation and periods of interspecific synchrony driven by correlated environmental noise. The alternation of compensatory dynamics and interspecific synchrony in metacommunities experiencing both environmental forcing and strong competition suggests that interspecific synchrony cannot be used to exclude the presence of competition or compensatory dynamics in natural systems (Houlahan et al. 2007; Ranta et al. 2008) .
Explaining Patterns of Synchrony in Environmentally Forced Metacommunities
Recent work has shown how to disentangle the synchronizing effects of dispersal and the environment in simple metapopulation and predator-prey models (Grenfell et al. 1998; Lande et al. 1999; Liebhold et al. 2004 ). Here, we show that patterns of intra-and interspecific synchrony in more complex food webs are generated by the strong interaction between dispersal and the environment. When dispersal is low, weak correlated environmental fluctuations induce partial intraspecific synchrony through the Moran effect. However, we found that fully correlated environmental variability of intermediate strength can reduce intraspecific synchrony under low dispersal ( fig. 4B ). Environmental fluctuations generate intermittent disruptions of local compensatory dynamics ( fig. 5A ) that are characterized by periods of high consumer correlation with outbreak dynamics. Intraspecific synchrony declines because these distinct dynamic regimes are asynchronous across space (figs. 4B, 5C). This phenomenon cannot be explained by recent ecological theories predicting the nonadditive but positive effects of dispersal and environmental stochasticity on intraspecific synchrony (Lande et al. 1999; Colombo et al. 2008) . Indeed, the reduction of intraspecific synchrony in response to increased environmental variance is due to the complex interplay among dispersal, the environment, and local compensatory dynamics.
At the community level, we see an increase in interspecific synchrony while intraspecific synchrony declines. Recent work has argued that because dispersal cannot synchronize different species, interspecific synchrony could be used as a signature of the synchronizing effect of the environment (Cattadori et al. 2000; Cheal et al. 2007 ). We have shown this to be the case in metacommunities experiencing strong correlated environmental noise and low dispersal but not high dispersal ( fig. 4A vs. fig. 4B ). Hence, although dispersal cannot directly induce interspecific synchrony, it can have a strong indirect effect on the strength and the spatiotemporal properties of interspecific synchrony.
Several of our predictions can be tested via experiments in the laboratory (Benton et al. 2001; Fontaine and Gonzalez 2005) and the field (e.g., Downing et al. 2008 ). For instance, Fontaine and Gonzalez (2005) showed how dispersal and environmental variability could induce synchrony in an aquatic predator-prey microcosm. By adding an alternative prey and controlling the strength of fully correlated environmental fluctuations (e.g., temperature), one could determine whether the level of dispersal mediates the degree to which the environment disrupts local compensatory dynamics and whether these effects are synchronized in space: (i) does low dispersal lead to strong but asynchronous disruptions, and (ii) does high dispersal lead to weak but synchronous disruptions?
Caveats and Limitations
Our results are robust to chaotic food web dynamics and the temporal structure of the environment (see app. B). However, we also assumed spatially uniform environmental conditions and nearest-neighbor (vs. random) dispersal. Theory and experiments show that even locally correlated environmental noise or random dispersal can induce regional synchrony in populations undergoing stable limit cycles (Bjornstad et al. 1999; Bjornstad 2000) . Hence, intraspecific synchrony-a key phenomenon in our findings-is not expected to depend on our simplifying assumption of spatially uniform (i.e., perfectly synchronized) environment noise or our implementation of local dispersal. We used a simple keystone food web module to identify and describe the joint effects of dispersal and environmental variability on food web stability. However, real food webs are much more species rich, and the extension of our findings to more complex food web networks warrants additional attention. Still, the simple keystone module is a useful starting point because it is a very common motif in natural systems (Williams and Martinez 2000; Milo et al. 2002) .
Conclusion
We have shown that the metacommunity concept is critical for understanding how dispersal, environmental variability, and compensatory dynamics interact to control the stability of food webs. Interspecific asynchrony emerging from compensatory food web interactions has been proposed as a solution to the complexity-stability paradox and has been demonstrated in simplified, well-mixed food web models experiencing constant environments (McCann et al. 1998) . We suggest that food web stability at both local and regional scales is more generally governed by the interaction among compensatory dynamics, dispersal, and the environment. These results further suggest a synergy between two components of environmental change: habitat fragmentation and climate change. Low dispersal, as a result of declining habitat connectivity, and changing patterns of environmental variability (variance and autocorrelation) may act in concert to destabilize food web dynamics. Figure A1 : Effect of fully correlated environmental fluctuations on the different components of the global consumer dynamics in metacommunities experiencing low dispersal ( ). A, Global consumer time series were decomposed into their endogenous dynamics and their residuals using d p 0.004 two different methods: the aggressive cubic splines (B) and a more conservative fitted cosine function (C; see "Methods" for details regarding this decomposition). Here, an example of this decomposition is provided using both methods ( ). B, Effect of environmental fluctuation strength j p 0.15 y on the correlation between (i) the endogenous components of the global consumer dynamics (blue) and (ii) their residuals (red), using fitted cubic splines. C, Effect of environmental fluctuation strength on the correlation between (i) the endogenous components of the global consumer dynamics (blue) and (ii) their residuals (red), using fitted cosine functions.
APPENDIX A The Effects of Environmental Noise and Dispersal on Local and Regional Food Web Dynamics
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Video 1: Still image from a video of abundance time series of predator P (video 1A), consumer C 1 (video 1B), and consumer C 2 (video 1C) in a metacommunity with low dispersal ( ) and constant environmental conditions. Low dispersal leads to spatial heterogeneity in the abundance d p 0.004 of all species in the food web. The video files (QuickTime) were encoded using the H.264/MPEG-4 AVC codec.
Video 2: Still image from a video of abundance time series of predator P (video 2A), consumer C 1 (video 2B), and consumer C 2 (video 2C) in a metacommunity with high dispersal ( ) and constant environmental conditions. Very low levels of dispersal ( ) are enough to bring d p 0.5 d 1 0.03 about the onset of regionally synchronized oscillations for each species in the food web. The video files (QuickTime) were encoded using the H.264/ MPEG-4 AVC codec. fluctuations. The local consumer correlation was computed over 100-time step windows for each cell in the lattice. In video 3A, low dispersal allows the abundance of local food webs to fluctuate autonomously without affecting the strength of compensatory dynamics (consistent negative local consumer correlation). In video 3B, weak disruptive environmental fluctuations ( ) lead to the intermittent and asynchronous disruption j p 0.2 y of compensatory dynamics within a few local food webs (periods of positive local consumer correlation). The rare and fleeting nature of these asynchronous disruptive events leads to very weak interspecific synchrony at the regional scale and only marginal changes in the mean abundance of all species across the metacommunity. In video 3C, when environmental fluctuations are strong ( ), the disruption of compensatory dynamics j 1 0.2 y becomes more pervasive (i.e., more local food webs exhibit periods of positive consumer correlation). This disruption allows the emergence of partial regional interspecific synchrony and leads to large changes in the mean abundance of all species across the metacommunity. The video files (QuickTime) were encoded using the H.264/MPEG-4 AVC codec. fluctuations. The local consumer correlation was computed over 100-time step windows for each cell in the lattice. In video 4A, in the absence of environmental variability, local compensatory dynamics remain consistent in space and time (consistent negative local consumer correlation). In video 4B, weakly disruptive environmental fluctuations ( ) lead to the intermittent and synchronous disruption of compensatory dynamics j p 0.2 y within all local food webs (periods of positive local consumer correlation across the entire metacommunity). The rare and fleeting nature of these synchronous disruptive events leads to a very weak increase in the consumer correlation at the regional scale and only marginal changes in the mean abundance of all species across the metacommunity. In video 4C, when environmental fluctuations are strong ( ), the synchronous j 1 0.2 y disruption of compensatory dynamics across all local food webs becomes more persistent (more frequent periods of positive local consumer correlation across the entire metacommunity). This disruption allows the emergence of consumer independence at the regional scale and leads to large changes in the mean abundance of all species across the metacommunity. The video files (QuickTime) were encoded using the H.264/MPEG-4 AVC codec. 
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Assessing the Robustness of Our Results to Different Implementations of the Food Web Model
We have shown that the effect of environmental fluctuations on food web stability can be understood by decomposing stability into its temporal variance and mean abundance components. Weak environmental fluctuations can promote stability by dampening but not disrupting compensatory dynamics. Strong environmental fluctuations reduce food web stability by (1) adding more stochastic noise to local food webs and (2) in the case of correlated noise, disrupting local compensatory dynamics. The local properties and regional consequences of these environmentally mediated disruptions depend on dispersal and its effect on intraspecific synchrony. By decoupling immigration and local abundance and thereby dampening local food web fluctuations, low dispersal leads to strong and spatially asynchronous local disruptions that generate large changes in the mean abundance of all species. However, by inducing strong synchronized food web fluctuations, high dispersal limits the disruptive effect of strong environmental fluctuations. Indeed, when dispersal is high, strong environmental fluctuations cause spatially synchronized local disruptions that generate small changes in the mean abundance of all species. Hence, by controlling intraspecific synchrony, dispersal mediates the disruptive effect of strong correlated environmental fluctuations on food web stability. In order to assess the generality of these findings, we now explore their robustness to (1) chaotic food web dynamics and (2) alternative implementations of environmental variability. All model parameter values remain unchanged unless specified otherwise (see table 1 ).
Chaotic Food Web Dynamics
We increased the predator's preference for consumer C 1 ( ) in order to generate chaotic dynamics in Q p 0.99 PC 1 the well-mixed metacommunity (Vasseur and Fox 2007) . In the absence of environmental variability, food webs undergoing chaotic dynamics ( fig. B1) fig. B3G ) because in addition to reducing intraspecific synchrony, they also dampen (but do not disrupt) compensatory dynamics ( fig. B3A, B3E ). Strong environmental fluctuations ( ) reduce food web stability ( fig. B3G, B3H ) by (1) adding more j 1 0.1 y stochastic noise to local food webs ( fig. B3E, B3F ) and (2) in the case of correlated environmental fluctuations, disrupting local compensatory dynamics ( fig. B3A, B3B ). The properties of these environmentally mediated disruptions of local compensatory dynamics depend on dispersal and its effect on intraspecific synchrony. Low dispersal limits intraspecific synchrony ( fig. B3B ) and leads to strong and spatially asynchronous local disruptions that generate large changes in the mean abundance of all species ( fig. B3D ). High dispersal increases intraspecific synchrony ( fig. B3A ) and leads to spatially synchronous local disruptions of intermediate strength that generate small changes in the mean abundance of all species ( fig. B3C) . Hence, the results we outlined for food webs undergoing stable limit cycles also apply to food webs undergoing chaotic dynamics.
Alternative Implementations of Environmental Variability
Environmental Variability as Temporally Autocorrelated Noise Affecting Consumer Mortality
We first explored how the temporal structure of environmental fluctuations affects our main results by using autocorrelated environmental fluctuations for each consumer. Specifically, we generated environmental time series with the desired fluctuation strength, cross-correlation, and autocorrelation by using the phase partnering method described by Vasseur (2007) :
where is the environmental time series of consumer i, n is the length of the time series, g determines the y (t) i relationship between power and frequency f, t is time, and is a uniform deviate in the interval [0, 2p). The v ( f ) i desired cross-correlation between the two environmental time series was achieved by partnering the uniform phase deviates of the consumers (Vasseur 2007) :
2 1 y
The cross-correlated environmental time series were then scaled to the requisite fluctuation strength : scaling. The scaled environmental time series were then incorporated into the consumer mortality rates. The y (t) i mortality rate of consumer i at time t was
where represents the medial consumer mortality rate of consumer i (table 1) . Because most environmental M C i variables show some degree of autocorrelation (Vasseur 2007) , we tested the robustness of our findings to autocorrelated environmental noise (i.e., red noise;
). g p 0.8 In metacommunities experiencing high dispersal, weak environmental fluctuations ( ) promote stability j ≤ 0.15 y (figs. B4A, B4C, B4E, B5G) by dampening the amplitude of compensatory dynamics (figs. B4G, B5A, B5E). As before, strong environmental fluctuations ( ) reduce food web stability ( fig. B4 ) by (1) adding more j 1 0.15 y stochastic noise to local food webs ( fig. B5E, B5F ) and (2) in the case of correlated noise, disrupting local compensatory dynamics (figs. B4G, B4H, B5A, B5B). In addition to these two mechanisms, strong negatively correlated environmental fluctuations can also destabilize food webs by amplifying compensatory dynamics ( fig.  B5C-B5H ). However, this novel effect does not change our main findings: it merely highlights the fact that strong environmental fluctuations can destabilize food webs by either amplifying or disrupting local compensatory dynamics (figs. B4G, B4H, B5A, B5B). As before, by controlling intraspecific synchrony, dispersal mediates the strength of this disruptive effect and its consequences for the stability of food webs ( fig. B5A,  B5B ).
Environmental Variability as Additive Demographic Noise
We now determine the robustness of our main findings to the nature of environmental fluctuations by implementing environmental variability as demographic noise affecting the consumer population growth rates (Vasseur and Fox 2007) . Under this scenario, the growth rate of consumer C i in cell (x, y) at time t becomes:
where is spatially uniform, normally distributed white noise with zero mean. We varied the strength (j y ) and y (t) i cross-correlation (r y ) of demographic noise in order to assess the robustness of our results. This implementation of environmental variability has two fundamental implications. First, because demographic noise is not filtered by the exponential function, it can add both positive and negative values to the abundance of consumers and thus lead to rapid destabilization (figs. B6, B7). Second, demographic noise is additive and thus largely independent of local abundances. It can thus be interpreted as an allochthonous source or sink of consumers, depending on the sign of the noise. Because the demographic noise has zero mean, positive noise will balance negative noise in time. However, because abundances are bounded by 0 at the low end but remain unbounded at the high end, balanced zero-mean noise will lead to an unbalanced (net positive) allochthonous effect and an increase in total consumer abundance. This imbalance increases with the strength of demographic noise and leads to increased predator P abundance ( fig. B7C, B7D ).
Negatively correlated noise will tend to amplify the overall allochthonous imbalance because at each time step, adding positive noise to the abundance of one consumer will add negative noise to the abundance of the other consumer. Because abundances are zero bounded, negatively correlated noise will lead to a net increase in total consumer abundance at each time step. Hence, in addition to the imbalance between allochthonous inputs and outputs over time, negative noise also generates an instantaneous imbalance between allochthonous inputs and outputs. These accrued imbalances increase with demographic noise and lead to the monotonic increase of predator P abundance ( fig. B7C, B7D) . By providing large allochthonous inputs of consumers, strong negatively correlated noise increases predator mean abundance and stability ( fig. B7G ).
However, this allochthonous effect does not change our main results. Indeed, when dispersal is high, weak correlated noise ( ) stabilizes food webs by dampening (but not disrupting) compensatory dynamics (figs. j ≤ 0.01 y B6A, B6C, B6E, B6G, B7E, B7G). Strong noise ( ) reduces food web stability (figs. B6, B7G, B7H) by j 1 0.01 y (1) adding more stochastic noise to local food webs ( fig. B7E, B7F ) and (2) in the case of correlated noise, disrupting local compensatory dynamics ( fig. B7A, B7B ). The properties of these noise-induced disruptions of local compensatory dynamics depend on dispersal and its effect on intraspecific synchrony. Low dispersal limits intraspecific synchrony ( fig. B7B ) and leads to strong and spatially asynchronous local disruptions, whereas high dispersal increases intraspecific synchrony ( fig. B7A ) and leads to spatially synchronous local disruptions of intermediate strength ( fig. B7C ). As noise is increased ( ), the allochthonous effect overwhelms local j 1 0.02 y food web dynamics, and the sign of the global consumer correlation largely reflects the sign of the demographic noise (figs. B6G, B6H, B7A, B7B). Hence, our results are robust to both the nature (i.e., filtered noise affecting mortality or additive noise affecting demography) and the temporal structure (white noise vs. red noise) of environmental fluctuations. 
